ABSTRACT: Infection/inflammation and mechanical ventilation have both independently been shown to increase cytokine/chemokine levels in lung tissue and blood samples of premature patients. Little is known about the combined effect of systemic inflammation and mechanical ventilation on cytokine expression in the lung. We tested whether pre-existing inflammation induced by lipopolysaccharide (LPS) exposure would modify cytokine/chemokine response in newborn rat lungs to high tidal volume ventilation (HTVV). Newborn rats were randomly assigned to four groups: groups I and II (saline); groups III and IV: 3 mg/kg LPS. Groups II and IV were 24h later subjected to 3h of ventilation with a tidal volume of 25 mL/kg. HTVV alone increased IL-1␤, IL-6 and the chemokine (C-X-C motif) ligand 2 (CXCL2) mRNA expression. Although the cytokine response to LPS alone had disappeared after 24 h, the combination of LPS pretreatment and HTVV significantly increased the expression of IL-6 and IL-1␤ mRNA when compared with HTVV alone. TNF-␣ expression was increased neither by HTVV alone nor in combination with LPS. IL-6 protein content in bronchoalveolar lavage increased due to the combined treatment. Thus, a subtle pre-existing inflammation combined with HTVV amplifies the proinflammatory cytokine/chemokine expression in the newborn rat lung compared with HTVV alone. (Pediatr Res 61: [191][192][193][194][195] [196] 2007) B ronchopulmonary dysplasia (BPD) remains a major healthcare problem in neonatology (1). It affects mainly premature babies which require mechanical ventilation and high concentrations of oxygen early in life. Risk is enhanced with an associated infection/inflammation, e.g., chorioamnionitis or sepsis (2,3). The inflammation in BPD is characterized by recruitment of neutrophils from blood into the injured lung tissue that is directed by a group of proinflammatory polypeptides, the chemokines. A subclass of chemokines, the glutamyl-leucyl-arginine (ELR) motif containing CXC chemokines, incuding IL-8 and growth regulated oncogene (GRO), has been shown to be critical for neutrophil binding and chemotactic functions (4). Increased levels of proinflammatory cytokines/chemokines such as IL-8, IL-6 and IL-1␤ in amniotic fluid and bronchoalveolar lavage fluid (BALF) of premature infants have been proposed to be prognostic indicators for developing BPD (5-7). Proinflammatory cytokines/ chemokines are up-regulated by different stimuli, such as mechanical, hyperosmotic or oxidative cellular stress, bacterial or viral products, or other proinflammatory cytokines (8 -10). A few studies in adult rodents have recently investigated the combined effect of pre-existing inflammation and mechanical ventilation on pulmonary cytokine/chemokine expression and injury (11-13). The combination of mechanical ventilation and local (lung) or systemic inflammation showed an increased risk for lung injury. Moreover, expression of the chemokine CXCL2 (GRO2/MIP2, macrophage inflammatory protein 2), a functional rodent homolog of human IL-8, was increased in lungs when mechanical ventilation was combined with pre-existing inflammation (11,13). To date, no studies have reported the effect of mechanical ventilation of immature lungs superimposed on systemic inflammation. In the clinical realm, the setting of premature babies exposed to inflammation who need positive pressure ventilation to treat respiratory distress occurs frequently. To mimic this clinical situation we created an in vivo newborn rat model with systemic exposure to LPS before the induction of high tidal volume ventilation (HTVV) 24 h later. Rat lungs at birth are in the saccular stage of lung development which corresponds to the lung development stage of very premature patients (14). In contrast to humans, alveolarization in rats occurs exclusively postnatally (between P4 and P21). Using this newborn rat model of alveolar development, we observed that a systemic exposure to LPS combined with HTVV amplifies the proinflammatory 
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healthcare problem in neonatology (1) . It affects mainly premature babies which require mechanical ventilation and high concentrations of oxygen early in life. Risk is enhanced with an associated infection/inflammation, e.g., chorioamnionitis or sepsis (2, 3) . The inflammation in BPD is characterized by recruitment of neutrophils from blood into the injured lung tissue that is directed by a group of proinflammatory polypeptides, the chemokines. A subclass of chemokines, the glutamyl-leucyl-arginine (ELR) motif containing CXC chemokines, incuding IL-8 and growth regulated oncogene (GRO), has been shown to be critical for neutrophil binding and chemotactic functions (4) . Increased levels of proinflammatory cytokines/chemokines such as IL-8, IL-6 and IL-1␤ in amniotic fluid and bronchoalveolar lavage fluid (BALF) of premature infants have been proposed to be prognostic indicators for developing BPD (5-7). Proinflammatory cytokines/ chemokines are up-regulated by different stimuli, such as mechanical, hyperosmotic or oxidative cellular stress, bacterial or viral products, or other proinflammatory cytokines (8 -10) . A few studies in adult rodents have recently investigated the combined effect of pre-existing inflammation and mechanical ventilation on pulmonary cytokine/chemokine expression and injury (11) (12) (13) . The combination of mechanical ventilation and local (lung) or systemic inflammation showed an increased risk for lung injury. Moreover, expression of the chemokine CXCL2 (GRO2/MIP2, macrophage inflammatory protein 2), a functional rodent homolog of human IL-8, was increased in lungs when mechanical ventilation was combined with pre-existing inflammation (11, 13) . To date, no studies have reported the effect of mechanical ventilation of immature lungs superimposed on systemic inflammation. In the clinical realm, the setting of premature babies exposed to inflammation who need positive pressure ventilation to treat respiratory distress occurs frequently. To mimic this clinical situation we created an in vivo newborn rat model with systemic exposure to LPS before the induction of high tidal volume ventilation (HTVV) 24 h later. Rat lungs at birth are in the saccular stage of lung development which corresponds to the lung development stage of very premature patients (14) . In contrast to humans, alveolarization in rats occurs exclusively postnatally (between P4 and P21). Using this newborn rat model of alveolar development, we observed that a systemic exposure to LPS combined with HTVV amplifies the proinflammatory (PBS), followed by withdrawal and reinfusion two more times. The lavage material recovered from each animal (0.3-0.4 mL average) did not differ between the four groups. Cytokines/chemokines were measured in the BALF samples using multiplex immunoassays for Luminex technology from Linco Research Inc. (St. Charles, MO) as previously described (18) .
Histology. In 3 nonlavaged animals per treatment group (control group n ϭ 2), the left lung was ligated and extracted for RNA measurement while the right lung was infused with 4% paraformaldehyde (PFA) in PBS with a constant pressure of 20 cm H 2 O over two minutes to equalize filling pressure over the entire right lung. Under these constant pressure conditions the cannula was removed and the trachea immediately ligated. The excised lung tissue was immersed in 4% PFA in PBS overnight and then dehydrated in an ethanol/xylene series and embedded in paraffin (25) . Sections of 5 m were then stained with hematoxilin and eosin for light microscopic evaluation and scoring. A semi-quantitative analysis of inflammatory cell infiltration was assessed as previously described (20, 21) using the following three parameters. Airspace Score: the presence of inflammatory cells in interalveolar septa; and the presence of inflammatory cells within alveoli; and Airway Score: peribronchiolar infiltration of inflammatory cells. Each parameter was evaluated semi-quantitatively, using a fiveϪgrade scale (normal ϭ 0; questionable change ϭ 1, minimal change ϭ 2; moderate change ϭ 3; and marked change ϭ 4). All histopathological examinations were conducted by a pathologist (CMK) blinded to group allocation.
Statistical analysis. Data are expressed as mean Ϯ SE (SE) or median Ϯ quartiles (nonparametric data). T-test or analysis of variance (ANOVA) followed by Student-Newman-Keuls testing was used. ANOVA on ranks was used for the semi-quantitative analysis of inflammatory cell infiltration. Significance was set at p Ͻ 0.05.
RESULTS

Lps timing.
Pilot studies revealed that an intraperitoneal injection of 3 mg/kg LPS induced cytokine (IL-6) and chemokine (CXCL2) expression in lungs of P3 newborn rats without affecting survival. Administration of higher dosages of LPS significantly increased mortality. To determine the influence of the 3 mg/kg LPS treatment on the whole organism, weight gain was evaluated on P4, 24h after either LPS injection (n ϭ 6), the same volume of 0.9% NaCl (n ϭ 5) or no injection (n ϭ 20). LPS injection resulted in a significantly reduced mean weight gain in 24 h [10.7% in LPS treated rats versus 17.9% in NaCl treated rats (p Ͻ 0.001) versus 17.8% in pups without any injection (p Ͻ 0.001)]. To determine the temporal pattern of cytokine/chemokine expression we measured IL-6 and CXCL2 mRNA in lung tissue 2, 4, 8, 16, or 24h after the intraperitoneal injection of 3 mg/kg LPS and compared it to saline-injected controls (n ϭ 3-6 animals per time point). IL-6 and CXCL2 mRNA levels peaked 2-4 h after LPS injection, fell thereafter and were statistically not different from saline controls 24h after injection (Fig. 1 ). To simulate a systemically induced low-grade inflammation, we choose for all the following experiments a time interval of 24 h between the administration of 3 mg/kg LPS and HTVV.
Ventilation. There was no significant difference between the two ventilation groups II (NaCl; n ϭ 6) and IV (LPS; n ϭ 6) after 3h of HTVV regarding pH (II: 7.53 versus IV: 7.51), pCO 2 (II: 29.5 mm Hg; IV: 29.8 mm Hg) and pO 2 (II: 55.8 mm Hg; IV: 49.6 mm Hg). Dynamic compliance increased significantly in both groups within the first 5-10 min of ventilation due to lung recruitment by the high tidal volumes and then remained stable for the rest of the experiment (Fig. 2) . There was no significant difference in dynamic compliance between the two groups.
Cytokine mRNA expression. HTVV alone increased mRNA expression of IL-6 by 7.2-fold, CXCL2 by 7.3-fold and IL-1␤ by 1.8-fold compared with controls ( Fig. 3A-C , Group II versus I). TNF-␣ mRNA expression remained unchanged (Fig. 3D) . LPS alone did not show a significant change in IL-6, CXCL2, IL-1␤ and TNF-␣ mRNA expression 24 h after injection when compared with saline injected controls (Fig. 3A-D, group I versus III) . The combination of LPS pretreatment and HTVV increased IL-6 and IL-1␤ mRNA expression by a factor of 10.5 and 2.5, respectively, compared with the HTVV alone group (Fig. 3A,C) . Although not significant, CXCL2 mRNA expression showed a similar trend (Fig. 3B) .
Expression of factors implicated in alveolarization. To evaluate the effect of the treatments on alveolarization, we also analyzed the mRNA expression of factors known to have an impact on alveolar formation (22) . No significant changes were observed for the type I cell marker T1␣ and the extracellular matrix proteins tenascin-C (TNC) and tropoelastin in any of the four treatment groups (Fig. 4A-C) . While no change in vascular endothelial growth factor (VEGF) gene expression was observed (Fig. 4D) , its receptor (VEGFR2) showed a trend to reduced expression by HTVV alone, but this difference was attenuated by LPS injection (Fig. 4E) .
Cytokine protein in bronchoalveolar lavage fluid (BALF).
LPS pretreatment did not influence the IL-6 protein content in BALF (Fig. 5A : group I versus III), but its concentration was significantly increased after 3 h of HTVV alone (group II: 34.01 pg/mL versus group I: 19.40 pg/mL; Fig. 5A ). The combination of LPS pretreatment and HTVV further increased IL-6 concentration in BALF (Group IV: 43.72 pg/mL), although the increase did not reach significance. Because of a lack of a good rat CXCL2 (GRO2/MIP2) detection kit for the Luminex system, a closely related chemokine, CXCL1 (GRO1/ KC), was measured. CXCL1 belongs to the ELR-CXC chemokine subfamily and also has chemoattractant effect on monocytes and neutrophils. While LPS alone did not change CXCL1 protein content in BALF, a trend to increased concentrations was seen in both ventilation groups (Group II and IV; Fig. 5B ). No significant 
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changes in BALF IL-1␤ protein concentrations were found in the four groups (Fig. 5C) .
Histologic quantification of inflammation. Although the inflammation score was increased in both ventilation groups (Groups II and IV) compared with the nonventilation groups (Groups I and III), only the difference between Groups III and IV reached significance (Fig. 6A) . The histologic changes in the lungs of Group IV animals showed a clear trend to hyperinflation with larger airspaces and attenuated septa. Furthermore, there were scattered multi-focal aggregates of inflammatory cells and amorphous eosinophilic material within the airspaces suggestive of lung injury.
DISCUSSION
Mechanical ventilation and high concentrations of oxygen applied to immature lungs of premature babies are known risk factors for the development of BPD (23) . Risk is enhanced when inflammation/infection is associated e.g., due to acute or chronic chorioamnionitis or postnatal infection (2, 24) . The goal of this study was to use a newborn rat model of alveolar development to test the hypothesis, that pre-existing systemically induced inflammation would modify the cytokine response to high tidal volume ventilation (HTVV) in lungs undergoing alveolarization. We first exposed the newborn rats to LPS and 24 h later after the initial inflammatory response has subdued the rats were subjected to HTVV. Our findings demonstrate that newborn rat lungs which are in saccular stage corresponding to the lung development of preterm patients show a marked increase in proinflammatory cytokine (IL-6, IL-1␤) and chemokine (CXCL2) mRNA expression in response to a relatively short duration of mechanical ventilation. The combination with a systemically induced inflammation further enhances the gene expression of IL-1␤ and IL-6.
Mechanical stress applied in vitro to alveolar epithelial cells and alveolar macrophages has been shown to increase the expression of a number of cytokines and chemokines, including IL-6, IL-8, IL-1␤, and TNF-␣ (25) . In several adult animal models an increased expression of proinflammatory cytokines/ chemokines was demonstrated after mechanical ventilation, especially when high tidal volumes were used (26 -29). Al- Group I: pretreatment with NaCl, no ventilation (n ϭ 10); Group II: pretreatment with NaCl and ventilation (n ϭ 11); Group III: pretreatment with LPS, no ventilation (n ϭ 10); Group IV: pretreatment with LPS and ventilation (n ϭ 9). All data are mean Ϯ SE (*p Ͻ 0.05). Figure 6 . Histologic findings in newborn rat lung after LPS pretreatment and HTVV: (A) Combined airway and airspace inflammatory score related to the four treatment groups. Group I: pretreatment with NaCl, no ventilation (n ϭ 10); Group II: pretreatment with NaCl and ventilation (n ϭ 11); Group III: pretreatment with LPS, no ventilation (n ϭ 10); Group IV: pretreatment with LPS and ventilation (n ϭ 9). Data are median Ϯ quartiles, *p Ͻ 0.05. Newborn rat lung tissue sections stained with hematoxilin and eosin: (B) Control lung (group I: pretreatment with NaCl, no ventilation). (C) Moderate to marked patchy inflammatory cell aggregates within alveolar septae (arrows) and scattered cellular exudation into airspaces with concurrent hyperinflation (*), and amorphous eosinophilic material in airspaces (arrowhead) after pretreatment with LPS and 3h of high tidal volume ventilation (group IV). Bar length: 100 m.
though immature lungs were shown to be less susceptible to high tidal volumes than adult lungs (16, 20) , a marked increase of proinflammatory mediator expression was observed when newborn animals (16) and infants (30, 31) were exposed to mechanical ventilation. Bacterial products like lipopolysaccharide (LPS) also have the ability to induce a proinflammatory cytokine/chemokine response. Alveolar macrophages stimulated by addition of LPS to the cell culture medium express IL-8 (32) . Inhalation of LPS induces a massive neutrophil influx together with a strong expression of proinflammatory cytokines/chemokines in the adult lung (33, 34) . Several studies have shown that the combination of HTVV with another lung injury amplifies the inflammatory response in the adult lung. Gurkan et al. (12) showed that 4 h of ventilation with an elevated tidal volume (17 mL/kg) after induction of lung injury with hydrochloric acid resulted in massive proinflammatory mediator expression in adult mouse lungs. Ventilation alone with smaller tidal volumes (6 mL/kg) did not change the IL-6 concentration in the adult murine lung, but ventilation of preinjured lungs showed a 4-5-fold increase in IL-6 content in lung tissue. Additionally, the combination of ventilation with pre-existing lung injury induced massive lung injury represented by pulmonary edema and an influx of inflammatory cells in the BALF of the mice (12). Tremblay et al. (11) demonstrated that in healthy adult rat lungs the proinflammatory cytokine expression was changed when HTVV was superimposed on a systemic inflammatory process. CXCL2 (GRO2/ MIP2) content increased significantly in BALF when HTVV was applied with pre-existing systemic inflammation (11) . In the present study we used a relatively low dose of systemic LPS (3 mg/kg ip), Tremblay et al. created sepsis using a high dose of systemically administered LPS (20 mg/kg IV) (11). However, both studies suggest that the combination of pre-existing systemic inflammation and HTVV increases cytokine expression in a synergistic way. This observation is further supported by a recent study of Altemeier et al. (13) who also found a synergistic effect of mechanical ventilation and systemic inflammation on cytokine expression in the lungs of adult rabbits.
Besides the increased risk for ventilator-associated lung injury, the lungs of premature infants exposed to the combination of inflammation and mechanical ventilation are also at higher risk of developing bronchopulmonary dysplasia (BPD) (2, 3) . Histologically the lungs of these babies are characterized by less numerous but larger alveoli, aberrant vascularization and increased fibrosis compared with the airspaces of normal term babies (35) . To explore potential long term effects of HTVV and systemic inflammation on alveolarization and vascularization, we evaluated mRNA expression of different proteins known to be associated with these developmental processes (see for review (22) ). However, gene expression of T1␣, TNC, tropoelastin, VEGF, and VEGFR2 were not affected by the various treatments. It is likely that the 3h duration of injury was too short to see an effect on the expression of any of these proteins.
There is some evidence that prolonged and increased proinflammatory cytokine/chemokine levels in newborn lung may play a role in the disruption of normal alveolar and vascular formation seen in BPD. First, high levels of intra-amniotic IL-1 leads to prolonged pulmonary inflammation and accelerated maturation (36) and injection of IL-1 in preterm lambs resulted in BPD like lesions with fewer but enlarged alveoli (37) . Secondly, IL-8 is known to enhance angiogenesis by a mitogenic effect on endothelial cells (38) . Blocking the excessive production of chemokines of the IL-8 family was shown to inhibit aberrant tumor angiogenesis (39) . Increased Tolllike receptor signaling due to intra-amniotic LPS exposure reduces the expression of VEGF and VEGFR2 and impairs pulmonary vascular development (40) . Thirdly, proinflammatory cytokines such as IL-1␤ and TNF-␣ not only induce pulmonary inflammation when overexpressed, but also play a role in pulmonary fibrosis (41) .
In conclusion, similar to the adult nongrowing lung, superimposing positive pressure ventilation on a pre-existing inflammation in the growing lung undergoing alveolarization has a synergistic effect on the innate immune response. This increased gene expression of proinflammatory cytokines/ chemokines puts the developing lung at high risk to develop ventilator-associated lung injury.
